Abstract: Monoclonal antibody (MAb) based therapies have achieved considerable success in oncology, primarily when used in combination with cytotoxic drugs. Antibody drug conjugates (ADCs) are a class of therapeutics that harness the antigen-selectivity of MAbs to deliver highly potent cytotoxic drugs to antigen-expressing tumor cells. The use of MAb directed delivery can confer a therapeutic index to highly potent cytotoxic drugs, increasing both the efficacy and safety of therapy. Although simple in concept, to achieve the design goal of improved therapeutic efficacy and reduced toxicity, each of the components of an ADC; the MAb, linker and drug need to considered in the context of the targeted antigen, the selectivity of antigen expression and the biology of the tumor type on which the target antigen is expressed. The characteristics of targets, MAbs, linkers and drugs being used in ADC design are discussed.
Introduction
Recent efforts in oncology have focused on identifying drugs with improved selectivity for malignant versus normal cell as a means to improve both the efficacy and tolerability of cancer treatment. One approach to improving selectivity is to identify therapeutic targets with altered levels of expression on malignant versus normal cells and direct therapy against those targets. The introduction of monoclonal antibody (MAb) technology by Kohler and Milstein in 1975 [1] led to intensive efforts to develop MAbs as highly selective antitumor therapeutics, however the immunogenicity of first generation, murine MAbs limited their utility as therapeutics. Several key technology improvements including the development of methods to generate human/mouse chimeric and humanized MAbs
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substantially reduced immunogenicity and increased MAb half-life in patients. The ability to obtain fully human MAbs from transgenic mice and by phage display has further enhanced the clinical potential of these approaches [2] [3] [4] . There are currently 9 unconjugated MAbs approved by the FDA as cancer therapeutics. These MAbs include 2 chimeric, 4 humanized and 3 fully human monoclonal antibodies that mediate antitumor activity via blocking ligand/receptor interactions, or induce cell killing by antibody dependent cellular cytotoxicity (ADCC), or complement dependent cytotoxicity (CDC) [5] . Monoclonal antibodies have also been used to selectively deliver radionuclides [6, 7] , plant and bacterial toxins, [8] [9] [10] and a variety of cytotoxic drugs [11] [12] [13] [14] . MAb directed delivery of cytotoxic drugs is an area of intense interest and there are currently at least 25 antibody drug conjugates (ADCs) undergoing clinical evaluation in oncology.
General Characteristics of ADCs
Antibody drug conjugates consist of a MAb chemically coupled to a linker and cytotoxic drug ( Figure 1 ). Mechanistically, ADCs are designed to be stable in circulation and to effect intracellular drug release following antigen-specific binding and internalization of the ADC. Currently the use of ADCs as therapeutics is focused almost exclusively on the treatment of cancer. In contrast to small molecule cancer agents or function blocking MAbs, the targets for ADCs do not need to be causal in tumor progression. Rather the target antigens need to be differentially expressed on the cell surface of malignant cells relative to normal tissues. The MAbs used in first generation ADCs identified cell surface antigens with varying levels of tumor selectivity and included MAbs that internalized following antigen binding and those that did not. To be effective, non-internalizing ADCs needed to remain intact in the circulation and yet selectively release active drug at the tumor site. Typically these ADCs utilized peptidyl linkers designed to be cleaved by enzymes such as cathepsins and matrix metalloproteinases expressed in the tumor, or linkers that would release drug by hydrolysis at the slightly acidic pH observed in many solid tumors. For the most part, these non-internalizing ADCs did not show significant antigen-specific activity and did not improve the therapeutic index (maximum tolerated dose/active dose) relative to that of the free drug [15, 16] . The use of MAbs that internalize following antigen binding has resulted in the design of linkers that are stable in circulation and efficiently release active drug following antigen specific binding, internalization and trafficking to endosomes/lysosomes [17] [18] [19] . Internalizing ADCs have demonstrated impressive preclinical [20] [21] [22] [23] and clinical [24] [25] [26] [27] [28] [29] activity.
ADC Targets and Mabs
A variety of cell surface antigens expressed on hematologic malignancies and epithelial tumors are being evaluated as ADC targets (Table 1) . In general, tumor specific antigens have not been identified and as such ADC's utilize MAbs directed against tumor-associated antigens [19] [20] [21] [22] [23] . These include antigens expressed on malignant cells with limited expression on cells of normal tissues, antigens that are expressed at much higher density on malignant versus normal cells, or antigens that are developmentally expressed. The best ADC targets are selectively and homogeneously expressed at high density on the cell surface of tumor cells. The tumor selectivity and level of expression of a target antigen are critical in the design of safe and efficacious ADCs as the intracellular concentration of drug that can be achieved is determined both by the level of antigen expression and the efficiency of ADC internalization and intracellular trafficking. Figure 1 . Schematic of an antibody drug conjugate (ADC): An ADC consists of three components, the MAb, linker, and cytotoxic drug each of which must be optimized to design safe, potent and effective therapeutics.
In addition to antigens expressed on tumor cells, there are ongoing efforts to develop ADCs to antigens expressed selectively on the tumor vasculature. These approaches seek to exploit differences in the level of antigen expression and/or the higher proliferation rate of endothelial cells of the tumor vasculature relative to that of normal tissues. Several endothelial targets considered to meet these criteria are being evaluated [30] . Among these are prostate-specific membrane antigen (PSMA) which is expressed on prostate cancer cells and also selectively expressed on vascular endothelial cells present in malignant solid tumors but not on endothelial cells of normal vasculature [31] [32] [33] .
As most target antigens used in ADCs are tumor selective rather than tumor specific it is important to select MAbs that cross-react with the corresponding target antigen expressed on cells from rodents and/or non-human primates whenever possible. This enables preclinical toxicology assessments of "on target" toxicities that result from binding of the ADC to antigen expressed on cells of normal tissues. Preclinical pharmacology studies are also facilitated by MAbs that cross-react with rodent species as this allows for an understanding of efficacy in the background of normal tissue expression.
There are currently 19 ADCs in clinical trials (as listed in the database clinicaltrials.gov) for which targets and indications have been disclosed (Table 1 ). These include 8 ADCs directed against targets expressed on hematologic malignancies and 11 ADCs directed against targets expressed on epithelial tumors. Most ADCs (17/19) in clinical development utilize humanized or fully human MAbs. There are 2 ADCs that incorporate chimeric MAbs, brentuximab vedotin, an anti-CD30 ADC [28, 34] and BT062, an anti-CD138 ADC [35] . Brentuximab vedotin recently received accelerated approved for treatment of Hodgkin lymphoma and anaplastic large cell lymphoma [36] . The isotype of the MAb will influence whether the ADC has the potential to kill cells via immune-mediated effector functions such as antibody-dependent cellular cytotoxicity (ADCC) and/or complement dependent cytotoxicity (CDC) in addition to killing mediated by the targeted drug. IgG1 MAbs have the potential to mediate CDC, via binding the complement component C1q, and ADCC, via binding to Fc receptors expressed on various effector cells whereas IgG2 and IgG4 MAbs are inefficient in these effector functions [37] . Whether the ADCC and/or CDC activity of a given IgG1 MAb is retained following attachment of the linker/drug is likely to be influenced by both the sequence of the particular MAb, the site of drug conjugation, the drug load, and the drug itself. Notably, Trastuzumab-DM1, an ADC directed to HER-2 currently in Phase III trials, has been shown to retain in vitro ADCC activity [38] . The effector function of the MAb may contribute to the antitumor activity of ADCs. However, the relative contribution of the effector function of IgG1 versus IgG2 and IgG4 ADCs to the potency, selectivity, and off target toxicity of ADCs is not clear and difficult to model in preclinical studies. A comprehensive comparison of the safety profile of ADCs that differ only in MAb isotype has not been published to date. There are currently Mabs of the IgG1, IgG2 and IgG4 isotypes in clinical development, however, the majority (14/19) of current ADCs are IgG1 (Table 1 ).
Drugs and Linkers Used in ADCs
To be effective, an ADC must selectively bind, internalize and deliver an intracellular concentration of drug that is sufficient to result in cell death ( Figure 2 ). While there is general agreement that conjugation strategies used in ADC design should have minimal effects on MAb affinity there are limited data available that can be used to define the optimal, or even the minimal, affinity that is required for an effective ADC. Rather than MAb affinity being the sole driver of ADC efficacy it is likely that the selectivity, efficiency of internalization and intracellular trafficking of a given MAb in composite will define an efficacious and safe ADC. The copy number and heterogeneity of antigen expression must be considered in the selection of drug and linker. This is particularly important for antigens expressed heterogeneously within a tumor where ADCs with local bystander activity [39, 40] may be particularly desirable. The linker should be stable in circulation to exploit the long circulating half-life of the MAb and yet release active drug following antigen-mediated internalization. Linkers can be broadly classified by their mechanism of drug release. Cleavable linkers release drug by hydrolysis or enzymatic cleavage following internalization whereas non-cleavable linkers, release drug via degradation of the MAb in lysosomes following antigen-specific internalization [17, [41] [42] [43] [44] . In addition to the mechanism of drug release, the site of conjugation, the potency of the drug and the average number of drug molecules per antibody need to be considered in the selection of the linker.
Early ADCs incorporated drugs such as methotrexate [45] [46] [47] , vinblastine [48, 49] and doxorubicin [11, 18, 50, 51] each of which had displayed clinical activity as free drugs. In general these ADCs demonstrated antigen-specific activity in vitro and in vivo but required high dose levels of ADC to achieve substantial antitumor activity. A variety of approaches were evaluated to increase the potency of these ADCs including increasing the quantity of drug delivered per MAb. In the case of doxorubicin conjugates, increasing the drug:MAb ratio over a range of 1-25 molecules of drug/MAb was achieved by direct conjugation [52] , the use of branched linkers [53, 54] or polymeric carriers [55] .
The in vitro potency of these ADCs increased as the drug:MAb ratio increased as long as the conjugation did not adversely effect affinity. The importance of drug potency to the efficacy of ADCs was shown in the clinical evaluation of an ADC termed BR96-DOX (BMS-182248) a rapidly internalized chimeric IgG1 anti-Lewis y MAb conjugated to doxorubicin (DOX) via an acid-labile hydrazone linker. The BR96-DOX conjugate produced cures of both DOX sensitive and insensitive human tumors in immune deficient rodents. However, the dose levels of ADC required were high, likely reflecting the low potency of DOX and the sub-optimal half-life of the hydrazone linker [11, 18] . The ADC was evaluated in Phase I trials in patients with solid tumors confirmed to express the Lewis y antigen by immunohistochemistry. Tumor biopsies obtained from patients with accessible lesions 48 hours after infusion of the ADC showed tumor localization of both the BR96 MAb and DOX components of the ADC. However, the results of this trial were disappointing, with objective responses seen in only 2 of 66 patients treated every 3 weeks at various dose levels of BR96-DOX [56] . These data suggest the limitations of using a low potency drug such as DOX as the delivery payload for an ADC.
A major advance in ADC optimization resulted from incorporating highly potent cytotoxics such as calicheamicins, maytansinoids, auristatins, and duocarmycins into ADCs. These cytotoxics are 100-1,000 fold more potent than the drugs used in early ADCs. For the most part, these agents had failed clinically as free drugs, as they were very toxic and lacked a therapeutic index. Delivery in the form of an ADC provides a means to clinically exploit the potency of these agents while minimizing their systemic toxicities. The structures of drugs and linkers that are currently being evaluated clinically are shown in Figure 3A -F. Several potent DNA-damaging agents, including analogs of calicheamicin [12] and duocarmycin [57] have been evaluated as ADC payloads. The calicheamicins bind to the minor groove of DNA resulting in double strand breaks in DNA and cell death at sub picomolar concentrations. Gemtuzumab ozogamacin is an ADC in which calicheamicin is conjugated to a humanized anti-CD33 MAb utilizing a hydrazone linker ( Figure 3A) . The conjugate is highly potent and demonstrated antigen-specific activity in preclinical models at doses of ~100 µg/kg [12] . Gemtuzumab ozogamacin was evaluated in 3 open-label single arm Phase II studies and received accelerated approval by the FDA in 2000 for treatment of CD33 positive acute myeloid leukemia (AML) in first relapse in patients over 60 years of age [58, 59] . The drug was voluntarily withdrawn from the market in 2010 due to concerns about the relative therapeutic benefit seen in post marketing studies [60] . As shown in Table 1 , there are ongoing Phase II and III studies of gemtuzumab ozogamacin in additional indications.
Inotuzumab ozogamacin (CMC-544) is an IgG4 ADC that targets CD22 MAb conjugated to the same calicheamicin analog via a hydrazone linker. The ADC demonstrated potent activity in preclinical models [61] . A Phase I study of inotuzumab ozogamacin was completed in relapsed or refractory CD22 expressing B cell NHL and the ADC demonstrated evidence of clinical activity. At the MTD (1.8 mg/m2 every 4 weeks) 15% of patients with diffuse large B-cell lymphoma (n = 26) and 68% of patients with follicular lymphoma (n = 22) achieved an objective response. The major grade 3-4 toxicity was thrombocytopenia [62] . This may reflect "off target" toxicity of the ADC as a consequence of non-specific release of drug from hydrolysis the hydrazone linker and suggests that improvements in linker stability may be required to fully exploit the potency of calicheamicin based ADCs. Inotuzumab ozogamacin is currently in Phase III studies in NHL ( Table 1) .
Analogs of duocarmycin [57, [63] [64] [65] have displayed impressive activity in preclinical models. MDX-1203 is a duocarmycin analog directed against CD70 that incorporates a dipeptide linker to release a prodrug of duocarmycin following antigen-specific internalization. MDX-1203 demonstrated potent antigen-specific antitumor activity in vitro and in preclinical tumor models [57, 63, 64] . A Phase I trial of MDX-1203 in patients with advanced/recurrent renal cell carcinoma or relapsed/refractory Non-Hodgkin's Lymphoma was initiated, however the trial was suspended (clinicaltrials.gov December 2012).
The auristatins and maytansinoids are two classes of highly potent (pM-nM IC50s), structurally distinct, drugs that bind to the vinca binding site of tubulin and inhibit tubulin polymerization resulting in G2/M arrest and cell death [14, 66, 67] . The auristatins, monomethyl auristatin E (MMAE) and monomethyl auristatin F (MMAF) are fully synthetic analogs of the marine natural product dolastatin 10 [14, 68] . The maytansinoids DM1 and DM4 are benzoansamacrolides derived semi-synthetically from ansamitocin [67] . The majority of ADCs currently in clinical development (Table 1) are conjugates of auristatin [14, 69, 70] or maytansine [66, 67, 71] .
There are 9 auristatin-based ADCs with disclosed targets currently in clinical development ( Table 1 ). The majority of the auristatin ADCs use a dipeptide (valine-citrulline) linker conjugated to the auristatin analog MMAE ( Figure 3B ) via solvent accessible thiols present in MAb cysteines. These conjugates are stable in circulation and the linker is cleaved by lysosomal enzymes, including cathepsin B, following antigen specific binding and internalization [14, 17, 42] . Biologically active MMAE is released from the ADC following antigen-specific internalization and importantly, due to the membrane permeability of MMAE, the released drug is able to kill cells that are in close proximity, including those that lack antigen expression [40] . The ability of a targeted drug, released in an antigen-specific manner to mediate local bystander killing is an important selection criteria for those ADCs directed against antigens that are heterogeneously expressed in tumors. The most advanced of the vc-MMAE ADCs is an anti-CD30 ADC, termed SGN-35 or brentuximab vedotin, with an average drug:MAb ratio of 4. The ADC produced antigen-specific cell killing in vitro and was active at tolerated doses against human NHL models in athymic mice [23, 70] . The conjugate produced impressive activity when evaluated in Phase 1 trials in patients with relapsed CD30-positive lymphomas. Forty-five patients with CD30 positive lymphomas received doses of 0.1-3.6 mg/kg every 3 weeks and objective responses were seen in 17 patients (including 11 complete remissions). The most common adverse events were fatigue, pyrexia, diarrhea, nausea, neutropenia and peripheral neuropathy. An objective tumor response rate of 50% (6/12) was seen in patients treated at the MTD (1.8 mg/kg). The same chimeric anti-CD30 MAb had been evaluated previously in unconjugated form in a similar patient population and had shown minimal efficacy. Taken together these data demonstrate the critical importance of delivery of the cytotoxic drug MMAE to the activity of SGN-35 [28] and provide clear evidence for improving the activity of unconjugated MAbs by incorporating the additional effector mechanism of MAb-mediated drug delivery. Brentuximab vedotin received accelerated approved for treatment of patients with Hodgkin lymphoma or systemic anaplastic largecell lymphoma (sALCL) in 2011 based on the results of 2 single arm trials. The objective response rate for Hodgkin lymphoma was 73% with a median duration of response of 6.7 months and complete response rate of 32%. In sALCL an objective response rate of 86% with a median response duration of 12.6 months and a complete response rate of 57% [72] was reported.
In addition to the cleavable vc-MMAE ADCs, non-cleavable maleimidocaproyl (mc) linked conjugates of the auristatin analog MMAF ( Figure 3C ) have shown antigen specific activity in vitro and potent antigen specific activity in human tumor models [69, 73, 74] . As with vc-MMAE based ADCs, the mc linkers are attached to solvent accessible thiols present in MAb cysteines. For the mc-MMAF conjugates, the intracellular release of drug is believed to be a consequence of degradation of the MAb in lysosomes. In contrast to MMAE, the MMAF analog released following antigenspecific internalization and localization to lysosomes is cell impermeable and as such does not display significant bystander killing activity. An MMAF based ADC termed SGN-75 and directed against CD70 [74] is currently in Phase I evaluation in NHL and renal cell carcinoma (Table 1) .
Maytansine-based ADCs represent 6 of 19 currently active clinical programs with disclosed targets (Table 1 ). There are two maytansine analogs, DM1 ( Figure 3D ) and DM4 ( Figure 3E ), being evaluated clinically. These derivatives differ in steric hindrance around the disulfide bridge [21, 71] . In each case, maytansine linkers are conjugated through amino groups of MAb lysine residues.
The most advanced of the maytansine based ADCs is trastuzumab emtansine (T-DM1), currently in Phase III clinical trials for treatment of HER2 positive metastatic breast cancer. T-DM1 consists of the clinically approved MAb trastuzumab (humanized IgG1) conjugated to DM-1 via a non-cleavable thioether (SMCC) linker ( Figure 3D ). HER2, the target of T-DM1 is an excellent ADC target as it is amplified and overexpressed in 20-25% of human breast cancers [75] and is internalized following binding. As T-DM1 utilizes a non-cleavable linker it is anticipated that drug release from the ADC occurs as a result of degradation of the MAb in lysosomes. T-DM1 has an average of 3.5 molecules of DM-1/MAb. In preclinical studies, T-DM1 demonstrated potent antigen-specific activity in vitro and was more active and better tolerated than ADCs prepared with other derivatives of DM1 having varying degrees of steric hindrance around the disulfide. Importantly, T-DM1 demonstrated excellent stability for at least 7 days after administration of the ADC [21] . T-DM1 demonstrated significant activity in a Phase I and Phase II trials in patients with HER2 positive metastatic breast cancer. Results of a 991 patient randomized Phase III trial (EMELIA) that evaluated the activity of T-DM1, administered at a dose of 3.6 mg/kg every 3 weeks, versus lapatinib plus capecitabine in patients with advanced HER2 positive breast cancer previously been treated with unconjugated trastuzumab and a taxane have been recently published [27] . The results of this trial are impressive both in terms of the improvement in activity and safety seen for T-DM1 relative to lapatanib plus capecitabine. T-DM1 significantly increased both progression free survival (9.6 months for T-DM1 versus 6.4 months for lapatinib-capecitabin; p < 0.001) and overall survival (30.9 months for T-DM1 versus 25.1 months for lapatinib-capecitabine; p < 0.001). The objective response rate for T-DM1 was also higher (43.6% for T-DM1 versus 30.8% for lapatinib-capecitabine; p < 0.001). Although adverse events of any grade were similar for both treatment arms, (95.9% and 97.7% for T-DM1 and lapatinib-capecitabine, respectively) the incidence of Grade 3 or 4 events was lower for T-DM1 (40.8%) than was observed for lapatinib-capecitabine (57%). The T-DM1 ADC achieved the primary goals of antibody-directed drug delivery: increased clinical activity and increased safety. Importantly, as these patients had previously progressed when treated with unconjugated trastuzumab the data on T-DM1 demonstrate the critical importance of targeted drug delivery to the clinical activity of the T-DM1 ADC.
Maytansine based ADCs prepared with cleavable linkers ( Figure 3E ) are also being evaluated clinically ( Table 1 ). The most advanced of these is SAR3419 an ADC that consists of a humanized (IgG1 MAb) conjugated to DM4 using a cleavable hindered disulfide linker. In preclinical models SAR3419 demonstrated activity in several lymphoma models. Clinical activity was seen in Phase I trials when the ADC was administered either every 3 weeks or on a weekly schedule, with objective response seem in 6 of 35 evaluable patients on the every 3 weeks schedule [20] . SAR3419 is currently being evaluated in multiple Phase 2 studies.
Optimization of ADCs
Major advances in the efficacy and safety of ADCs have resulted from incorporating highly potent drugs and using stable linkers to better exploit the half-life of the MAb component of the ADC. The recent clinical data from both Adcetris (SGN-35) [76] and Trastuzumab Emtansine (T-DM1) [27] conclusively demonstrate that improvements in both clinical activity and patient safety can be achieved with antibody directed drug delivery. There are ongoing efforts to increase ADC selectivity and efficacy by further optimizing linkers, sites of MAb attachment and cytotoxic payloads [77] [78] [79] . The selection of suitable ADC targets remains a critical challenge to ADC design. Characteristics of the ADC target such as copy number, heterogeneity and specificity of expression, internalization rate, and intracellular trafficking can be used to guide the selection of linker (cleavable or non-cleavable) and the potency and characteristics of the drug released (cell permeable or impermeable). However, further insight into the optimal design characteristics of effective ADCs will be best gained as additional clinical data become available. There are currently over 25 ADCs in clinical development and evolving clinical data from these trials will provide critical insight into the design of next generation ADCs.
